Although 2(1H)-pyridones are classified as aromatic heterocycles, there are many reports of Diels-Alder (DA) reactions in which 2(1H)-pyridones act as dienes.
Although 2(1H)-pyridones are classified as aromatic heterocycles, there are many reports of Diels-Alder (DA) reactions in which 2(1H)-pyridones act as dienes. 1) In our laboratory, we have developed novel DA reactions involving 2(1H)-pyridones which contain an electron-withdrawing group that acts as a dienophile (Chart 1).
2-4) Thermal, uncatalyzed reactions of 1-methyl-2(1H)-pyridones with methoxycarbonyl, cyano, acetyl, benzoyl, and formyl groups at the 4-position produced only hydrogenated isoquinolones, in good to excellent yields.
2) The reaction of 6-acetyl-1-methyl-2(1H)-pyridone yielded a phenanthridone at 11% yield, 3) but, the DA reactions of 3-or 5-substituted 1-methyl-2(1H)-pyridones were unsuccessful. Recently, we reported that DA reactions of 1-sulfonyl-2(1H)-pyridones containing an electron-withdrawing group at the 5-position produced only hydrogenated quinolones, in moderate yields. 4) Since the nitro group is a relatively strong electron-withdrawing group, 1-substituted 3-and/or 5-nitro-2(1H)-pyridones are highly electron-deficient heteroaromatic compounds. Therefore, it is to be expected that DA reactions of 3-nitropyridones would yield isoquinolones, that those of 5-nitropyridones would yield quinolones, and that reactions of 3,5-dinitropyridones with two moieties acting as dienophiles would produce double DA adducts (phenanthridones). The isoquinolone, 5) quinolone, 6) and phenanthridone 7) skeletons found in many alkaloids can be expected to be potentially valuable synthetic intermediates, and to possess interesting biological properties. In the present paper, we wish to report the first synthesis of isoquinolones, quinolones, and phenanthridones using DA reactions with 1-unsubstituted and 1-substituted nitro-2(1H)-pyridones and nitro-2(1H)-pyridones containing a methoxycarbonyl group.
DA Reactions First, thermal DA reactions of 5-nitro-2(1H)-pyridones (1a, b,
) with 2,3-dimethyl-1,3-butadiene (5) were examined (Chart 2, Table 1 ). The reactions of 1a, b with 5 at 160 or 180°C for 5 or 3 d yielded only quinolones [6a (30%), 6b (26%), entries 1, 2] aromatized by release of hydrogen and nitrogen dioxide (HNO 2 ), followed by dehydrogenation. Performing the same reaction with 5-nitropyridone (2a) containing a methoxycarbonyl group at the 3-position chemoselectively yielded a functionalized quinolone [7a (22%), entry 3], with recovery of the starting material. DA reactions of the 3-and/or 4-substituted 5-nitropyridones (3, 4), with two moieties acting as dienophiles under the conditions shown in Table 1 , stereoselectively produced the same functionalized cis-adducts; i.e., a phenanthridone [8, double DA adduct (27, 33%)] and a hydrogenated isoquinolone [9 (10, 15%), entries 4, 5], respectively. Based on the fact that the reactions of 3 and 4 with 5 both yielded the same DA adducts (8, 9), we hypothesized the existence of two pathways. It is well known that the nitro group functions as a leaving group and a strong electronwithdrawing group. In one pathway, 3 first arises from 4 with the release of the nitro group in 4 by heating (leaving 4 highly electron-deficient), and DA reaction of 3 then yields 8 and 9. In the second pathway, the reaction of 4 with 5 yields 8 and 9, as a result of elimination of the nitro group in the respective intermediates [B, C (Chart 2)]. However, A-C were not separated from the mixtures used in the reactions of 3 or 4 with 5 by column chromatography.
Next, DA reactions of 3-nitro-2(1H)-pyridones (10a, b, 8) 11a, 9) 12a, b, 8) 13a, b 9) ) with 5 were carried out under the conditions shown in Table 1 The stereochemistries of the ring juncture in 8, 9, 14a, 15a, and 20a, b were confirmed by examination using 1 H-NMR, MS, and high-resolution (HR)-MS spectra. In a previous paper, 2) we reported that the signals produced by the proton of the ring juncture in the cis-adducts (d 2.84-2.97) are located at a lower range than those of the corresponding trans-isomers (d 2.00-2.80), owing to the deshielding effect resulting from the lactam carbonyl ( Fig. 1) . In that study, the signals produced by the proton of the ring juncture in the cisadducts (8, 9) appeared at d 3.24 and 3.27. In another paper, we reported that the MS and HR-MS spectra of the cis-DA adducts produced by DA reaction of 4-substituted 2(1H)-pyridones with 5 mainly showed an ion peak at m/z [MϪdiene] ϩ , resulting from the retro-DA reaction, whereas the spectra of the trans-DA adducts showed ion peaks arising 602 Vol. 49, No. 5 from the complex bond cleavage (Table 2) . 10) In that study, HRMS spectra of 8 and 9 showed the corresponding ion peaks at m/z 245 and m/z 212 [MϪC 6 H 10 ] ϩ resulting from the retro-DA reaction. From these data, the stereochemistries of the ring juncture in 8 and 9 were determined to be cis. Similarly, in the present study, the MS and HRMS spectra of 14a, 15a, and 20a, b predominantly showed ion peaks at m/z [MϪdiene : 155 (ϩ1), 212, 245, 232 (ϩ1)]
ϩ resulting from the retro-DA reaction. Based on the above data, the stereochemistries of the ring juncture in 14a, 15a, and 20a, b were determined to be cis.
Activation Energy We studied theoretically the substituent effects of the dienophiles listed in Table 1 in DA reactions with 5. We calculated the activation energy (Ea) of the transition state (TS), using Gaussian 98 at the RHF/3-21G level.
11) The calculated values of Ea are summarized in Table 3 , together with the experimentally obtained adducts and their yields. We focused our attention on whether 3,4-addition or 5,6-addition occurs in DA reactions of 5 with the dienophiles listed in Table 1 . As is seen in Table 3 , the calculated values of Ea for the 5,6-addition reactions of 1a and 2a containing a nitro group at 5-position of the pyridone ring are smaller than those for the respective 3,4-addition reactions (reactions 1, 2). But, the calculated values of Ea for the 3,4-addition reactions of 10a and 13a containing a nitro group at 3-position are smaller than those for the respective 5,6-addition reactions (reactions 4, 5). These results are consistent with the experimentally obtained compounds.
In conclusion, the DA reactions of 3-nitro-2(1H)-pyridones stereoselectively yielded hydrogenated or aromatized isoquinolones and double DA adducts (phenanthridones) in moderate yields. Performing the same reactions with 5-nitro-2(1H)-pyridones yielded only quinolones, and DA reactions of 5-nitro-2(1H)-pyridones bearing a methoxycarbonyl group produced chemoselectively the corresponding isoquinolones. The results indicate that the ene component of the 2(1H)-pyridone ring is activated by the nitro group (which acts as a dienophile). The products obtained were consistent with the activation energies calculated using the Gaussian 98 method with RHF/3-21 G.
Experimental
Melting points were determined on a Yanaco melting point apparatus and are uncorrected. IR spectra were measured with a Perkin Elmer FT-IR 1725X spectrophotometer. MS were recorded on a JEOL JMS-DX303/JMS-DA5000 spectrometer.
1 H-NMR spectra were recorded on a JNM-GSX400, JNM-EX270 and JEOL JNM-PMX60 spectrometers with tetramethylsilane (TMS) as an internal standard. Preparative thin-layer chromatography was carried out on precoarted Silica gel 60F 254 TLC plates (2 mm), Merck. Column chromatography was performed on Merck Kieselgel 60 (230-400 mesh).
General Procedure for DA Reactions of 1a, b and 2a with 5 A mixture of 1a (0.9 g, 6 mmol) and 5 (2.46 g, 30 mmol) in 3 ml o-xylene was heated at 160°C for 5 d in a sealed tube. The reaction mixture was chromatographed on a column of silica-gel. The solvent of the first fraction eluted with chloroform was evaporated. The residue was purified by preparative TLC over silica gel with benzene-acetone (5 : 1) to give 1,6,7-trimethyl-2(1H)-quinolone (6a). The reactions of 1b and 2a with 5 were performed as described above to give 6,7-dimethyl-2(1H)-quinolone (6b), and 3-methoxycarbonyl-1,6,7-trimethyl-2(1H)-quinolone (7a). The yields of 6a, b, and 7a are shown in Table 1 General Procedure for DA Reactions of 3 and 4 with 5 A mixture of 3 (1.25 g, 6 mmol) and 5 (2.46 g, 30 mmol) in 3 ml o-xylene was heated at 160°C for 3 d in a sealed tube. The reaction mixture was chromatographed on a column of silica gel. The solvent of the first fraction eluted with chloroform was evaporated. The residue was purified by preparative TLC over silica gel with hexane-acetone (10 : 1) to give cis-4a,5,8,8a-tetrahydro-4a-methoxycarbonyl-2,6,7-trimethy1-4-nitro-1(2H)-isoquinolone (9). The solvent of the second fraction was evaporated and the residue was purified by preparative TLC over silica gel with benzene-acetone (3 : 1) to give cis6a,7,10,10a-tetrahydro-10a-methoxycarbonyl-2,3,5,8,9-pentamethyl-6(5H)-phenanthridinone (8) . The reaction of 4 with 5 was performed as described above to give 8 and 9. The yields of 8 and 9 are shown in Table 1 a) We hypothesize that compound 8 (20a) was produced from 9 (18a), followed by DA reaction with 5, since the calculated value of Ea for production of 9 (18a) is considerabley smaller than that for production of another intermediate compound by the 5,6-addition reaction of 3 (13a) with 5, and because this intermediate compound was not experimentally obtained. General Procedure for DA Reactions of 10a, b, and 11a with 5 A mixture of 10a (0.9 g, 6 mmol) and 5 (2.46 g, 30 mmol) in 3 ml o-xylene was heated at 140°C for 3 d in a sealed tube. The reaction mixture was chromatographed on a column of silica gel. The solvent of the first fraction eluted with chloroform was evaporated. The residue was purified by preparative TLC over silica gel with hexane-acetone (5 : 1) to give cis-4a,5,8,8a-tetrahydro-2,6,7-trimethy1-8a-nitro-1(2H)-isoquinolone (14a). The solvent of the second fraction was evaporated and the residue was purified by preparative TLC over silica gel with benzene-acetone (3 : 1) to give 2,6,7-trimethyl-1(2H)-isoquinolone (16a). 2a,b) The reactions of 10b and 11a with 5 were performed as described above to give 6,7-dimethyl-1 (2H)-isoquinolone  (16b), cis-4a,5,8,8a-tetrahydro-4a-methoxycarbonyl-2,6,7-trimethyl-8a-nitro-1(2H)-isoquinolone (15a). The yields of 14a, 15a, and 16a, 
Calculation of Activation Energy
We optimized the structures of the initial state and the TS using the restricted Hartree-Fock method with the 3-21G basis set in the Gaussian 98 program package.
11) The effect of solvent was not considered. We assumed that the diene and the dienophile were far apart at the initial state and obtained the value of the activation energy as a difference in energy between the initial state and the TS. We carried out the vibrational calculation to make sure that the TS had only one imaginary vibrational frequency. We also performed the intrinsic reaction coordinate calculation and confirmed that the TS connected the initial state and the intended product.
